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Inlandplants,peroxisomesplaykeyrolesinvariousmetabolicpathways,includingthemost
prominentexamples,thatislipidmobilizationandphotorespiration.Giventhelargenumber
of substrates that are exchanged across the peroxisomal membrane, a wide spectrum of
metabolite and cofactor transporters is required and needs to be efﬁciently coordinated.
These peroxisomal transport proteins are a prerequisite for metabolic reactions inside plant
peroxisomes.The entire peroxisomal “permeome” is closely linked to the adaption of pho-
tosynthetic organisms during land plant evolution to fulﬁll and optimize their new metabolic
demands in cells, tissues, and organs.This review assesses for the ﬁrst time the distribu-
tion of these peroxisomal transporters within the algal and plant species underlining their
evolutionary relevance. Despite the importance of peroxisomal transporters, the majority
of these proteins, however, are still unknown at the molecular level in plants as well as in
other eukaryotic organisms. Four transport proteins have been recently identiﬁed and func-
tionally characterized in Arabidopsis so far: one transporter for the import of fatty acids and
three carrier proteins for the uptake of the cofactors ATP and NAD into plant peroxisomes.
The transport of the three substrates across the peroxisomal membrane is essential for the
degradation of fatty acids and fatty acids-related compounds via β-oxidation.This metabolic
pathway plays multiple functions for growth and development in plants that have been cru-
cialinlandplantevolution.Inthisreview,wedescribethecurrentstateoftheirphysiological
roles in Arabidopsis and discuss novel features in their putative transport mechanisms.
Keywords: plant, peroxisomes, transport proteins, metabolites
INTRODUCTION
Peroxisomes are eukaryotic organelles, which have been iden-
tiﬁed in various photosynthetic organisms, from single algal
cells to land plants (Igamberdiev and Lea, 2002). Overall our
knowledge of how peroxisomes are distributed across the plant
kingdom and their versatile roles is limited (Igamberdiev and
Lea, 2002; Gabaldon, 2010). Peroxisomes adapted coincidently
as land plants derived from the freshwater green algal ances-
tor that is closely related to the modern Charophytes. Going
from water to terrestrial habits led to the development of a
complex plant body composed of specialized organs, such as
leaves, roots, ﬂowers, and seeds (Langdale, 2008). Plant peroxi-
somes underwent specialization during land plant evolution and
thus contain highly variable and dynamic enzymatic content
depending on the speciﬁc organ function (Igamberdiev and Lea,
2002).
Invascularplants,peroxisomesareassignedtomanyprocesses,
including storage oil mobilization via β-oxidation of fatty acids
coupled with glyoxylate cycle, photorespiration, membrane lipids
turnover,and branched amino acid breakdown during leaf senes-
cence,purinecatabolismfornitrogenremobilization,biosynthesis
of plant hormones, photomorphogenesis, and pathogen defense
(Kaur et al., 2009; Reumann, 2011). Most of these pathways are
shared between peroxisomes and other organelles. Peroxisomes
are required to scavenge oxidative reactions catalyzed by ﬂavin-
containing oxidoreductases (oxidases) that produce highly toxic
hydrogen peroxide (del Rio et al., 2006; Nyathi and Baker, 2006).
Peroxisomes compartmentalize these lethal steps of metabolism,
because they contain efﬁcient ROS-scavenging systems, like cata-
lases, to prevent poisoning of the cell (del Rio et al., 2006; Nyathi
and Baker, 2006). Thus, peroxisomes have been described as
organelles at the crossroad (Erdmann et al., 1997). Most of our
current knowledge is based on detailed studies of fatty acid oxida-
tion and photorespiration,which are both present in algae as well
in plants.
During land plant evolution a major innovation was the devel-
opmentofseedsallowingspermatophytestoproliferateandspread
to drier areas (Linkies et al., 2010). In seed oil storing dicotyledo-
nous plants (dicots), peroxisomes are involved in storage reserve
mobilization to support seedling growth and development until
the seedlings become photoautotrophic (Graham, 2008). Upon
germination, the fatty acids are released from the seed oil tria-
cylglycerols (TAGs) and degraded via β-oxidation to acetyl-CoA,
whichissubsequentlycondensatedviaglyoxylatecycleto4-carbon
compounds (Figure 1). The resulting dicarbonic acids are fur-
ther converted in mitochondria to malate, which is then either
exportedforsucrosesynthesisorusedasasubstrateforrespiration
(Graham, 2008).
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FIGURE 1 |Transport processes across the peroxisome membrane
involved in β-oxidation.The COMATOSE (CTS) transporter facilitates the
import of fatty acids from the cytosol to the peroxisomal matrix.The
peroxisomal long-chain acyl-coenzyme A synthetase (LACS) activates the
free fatty acid (FA) to enter β-oxidation for a stepwise release of acetyl-CoA.
For the energy consuming esteriﬁcation of FAs with coenzyme A (CoA), ATP
is required and provided by the import via the PCN proteins.The released
AMP is the counter-substrate for the next round of ATP import.The
reduction equivalent NAD is reduced during β-oxidation.The PXN transport
most likely imports NAD to set-up a sufﬁcient NAD pool in the peroxisomes
and the main route for NADH regeneration is enabled via the not yet
molecularly identiﬁed oxaloacetate (OAA)–malate (Mal) shuttle system.
Many monocotyledonous plants (monocots), such as cereal
grasses,storestarchintheendospermoftheirseedstofuelseedling
establishment. In this case, β-oxidation coupled with the glyoxy-
late cycle plays another critical role (Igamberdiev and Lea, 2002).
Both pathways together metabolize TAGs that are present in con-
siderable amounts in the aleurone layer and in the scutellum,
not only to provide energy or carbon skeletons for the synthe-
sis of starch-hydrolyzing enzymes secreted into the endosperm,
but also to allow the export of dicarbonic acids, which causes an
acidiﬁcation of the endosperm required for α-amylase activities
(Drozdowicz and Jones, 1995).
Beside the breakdown of fatty acids during seedling develop-
ment,β-oxidation enzymes are also present in other plant organs,
such as seeds, leaves, roots, and ﬂowers (Pracharoenwattana and
Smith, 2008). Fatty acid oxidation and the glyoxylate cycle con-
tribute to multiple processes, including seed development, seed
dormancy, ﬂower fertility, turnover of membrane lipids, and
branched amino acids during senescence, the generation of jas-
monic acid in response to wounding, and auxin biosynthesis to
driveroothairandcotyledoncellexpansionduringseedlingdevel-
opment (Baker et al., 2006; Poirier et al., 2006; Strader et al.,
2010).
Many algae that mainly store starch as their storage reserve are
capable of accumulating TAGs, particularly under abiotic stress
conditions, such as nutrient deprivation or high-light exposure
(Thompson, 1996; Hu et al., 2008). The enzymes involved in the
TAG degradation have not been intensively studied at the bio-
chemical and molecular levels in algae (Thompson, 1996). It was
demonstrated that the charophyte Mougeotia metabolizes fatty
acids via the β-oxidation pathway located in the peroxisomes as
it is in embryophytes (Stabenau et al., 1984). It is proposed that
storage oil turnover in algae contributes primarily to the assembly
of membrane lipids to drive rapid cell division after the cessation
of nutrient limitations (Thompson, 1996).
Leaves, which are the major photosynthetic parts of the plant,
developed after the conquest of land by leaﬂess plants (Dolan,
2009). When land plants appeared,atmospheric oxygen had risen
and carbon dioxide (CO2) fallen substantially. In such a high-
oxygencontainingenvironmenttheCO2-ﬁxingenzymeRibulose-
1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) favors
the oxygenation of RuBP, producing the toxic compound phos-
phoglycolate (2PG; Bauwe et al., 2010). Plants scavenge 2PG to
the Calvin cycle intermediate 3-phoshoglycerate (3PGA) by a
sequence of reactions called the photorespiratory C2 cycle. Thus a
high photorespiration rate is a necessary precondition for plants
to invade terrestrial habitats (Bauwe et al.,2010).
The metabolic steps are distributed between chloroplasts, per-
oxisomes, and mitochondria (Bauwe et al., 2010). Leaf-type per-
oxisomes contain many key enzymes of the photorespiratory
pathway, most notably glycolate oxidase and hydroxypyruvate
reductase (Reumann and Weber, 2006). A defect in one of these
peroxisomal enzymes causes lethality under low CO2 conditions
(Reumann and Weber, 2006). A complete C2 photorespiratory
cycleisalsofoundinC4species,althoughtheyrecentlyinnovateda
sophisticated CO2 concentration mechanism (CCM;Bauwe et al.,
2010). It seems that despite the existence of an active CCM,
photorespiration is still essential for C4 metabolism.
Since the photorespiratory pathway was transferred from
cyanobacteria via endosymbiosis, a complete C2 cycle has been
demonstrated in certain green algae (Bauwe et al.,2010). In algae,
photorespiration proceeds with lower rates. Due to their ability to
concentrate CO2 around Rubisco via carbonic anhydrase,the gly-
colate production is suppressed (Stabenau and Winkler, 2005).
Few algae metabolize glycolate via the mitochondrial glycolate
(d-lactate) dehydrogenase. This reaction is coupled with electron
transport in mitochondria (Paul and Volcani, 1976). In case of
high photorespiration rates, however, most algae excrete glycolate
into the surrounding medium (Stabenau and Winkler, 2005).
Both pathways,the breakdown of fatty acids and the photores-
piratory C2 cycle, necessitate an efﬁcient ﬂux of metabolites and
cofactors between peroxisomes and other cellular compartments.
These transport processes across the single bilayer are important,
because they connect and control the peroxisomal metabolism
with that of the other organelles (Theodoulou et al., 2011). A
“two-channel” concept describes the permeability of the perox-
isome membrane that consists of channel-forming proteins or
“porins” along with speciﬁc transport proteins (Antonenkov and
Hiltunen, 2006;Visser et al., 2007).
Peroxisomal channels allow free diffusion of small compounds
withmolecularmasseslessthan300kDa,asitknownfortheouter
membrane from mitochondria and plastids (Antonenkov and
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Hiltunen,2006;Visseretal.,2007).Inaddition,selectivetransport
proteins are responsible for the exchange of “bulky” substrates,
such as cofactors (ATP, NAD) or fatty acids and their derivatives
(Antonenkov and Hiltunen, 2006; Visser et al., 2007). Despite the
importance of these porins and transporters, our knowledge is
limited in plants, as well as in other eukaryotic organisms. The
molecular identity of the channel-forming pore and most of the
transporters has not been discovered so far (Theodoulou et al.,
2011).
The present review describes the current state of knowledge
of the peroxisomal transport processes in plants. Considerable
progress has recently been made in the identiﬁcation of peroxi-
somal transporters in Arabidopsis (Theodoulou et al., 2011). To
date, the proteins of two transporter families are known to reside
in the peroxisomal membrane: The peroxisomal ATP-binding
cassette (ABC) transporter involved in the import of substrates
for β-oxidation and three members of the mitochondrial carrier
(MC) family required for the inﬂux of the cofactors ATP or NAD,
respectively. This review summarizes their biochemical transport
properties and their metabolic role for peroxisomes. In the con-
text of land plant evolution, we analyzed the presence of these
peroxisomal transporters in algae and other plant species.
THE PEROXISOMAL ABC TRANSPORTER
The peroxisomal ABC transporter imports the substrates for β-
oxidation, such as fatty acids or related derivatives, into plant
peroxisomes (Theodoulou et al., 2006, 2011). Several indepen-
dent forward genetic screens identiﬁed the peroxisomal ABC
transporter in Arabidopsis, here referred to as COMATOSE (CTS,
At4g39850; Theodoulou et al., 2006, 2011). Pro- and eukaryotic
ABC transporters (TC 3.A.1), in general, are composed of two
transmembrane domains and two ABC. The energy from the
ATP hydrolysis drives the transport of various molecules across
the membrane, often against concentration gradients (Higgins,
1992).
The Arabidopsis CTS encoded by a single gene is functional
as a full-length ABC protein with two dissimilar halves. Interest-
ingly, the non-plant peroxisomal ABC transporter from human
and yeast are half-transporters (Wanders et al., 2007). Among the
ArabidopsisABCsuperfamily,thatconsistsofmorethan100mem-
bers, CTS belongs to the subgroup D (Verrier et al., 2008). In
contrast, the second protein of this subgroup (At1g54350) repre-
sentsahalf-sizetransporter,butitsfunctionandputativeplastidic
localization remain to be analyzed (Verrier et al., 2008).
FUNCTION OF THE PEROXISOMAL ABC TRANSPORTER IN PLANTS
Analysis of Arabidopsis cts null mutants demonstrated that CTS
is a transporter with relatively broad spectrum of substrates for
β-oxidation. It mediates the uptake of several biologically impor-
tant molecules into peroxisomes, including fatty acids or fatty
acid-derived signaling molecules,such as precursors of auxin and
jasmonic acid (Baker et al., 2006; Theodoulou et al., 2006). The
loss-of-function led to variable phenotypes, reﬂecting different
roles of β-oxidation in a number of developmental processes in
Arabidopsis (Baker et al.,2006; Theodoulou et al.,2006).
The cts mutant alleles exhibit a classical sucrose-dependent
phenotype, as mutants defective in β-oxidation. The mutant
seedlings are arrested in growth and development due to a block
instorageoilmobilization(Zolmanetal.,2001;Footittetal.,2002;
Hayashietal.,2002).Highlevelsof fattyacidsinthesects seedlings
suggest that CTS transports TAG-derived fatty acids for perox-
isomal β-oxidation to fuel seedling establishment. This seedling
growthphenotypecanberescuedinthepresenceof anexogenous
carbon source, such as sucrose (Zolman et al., 2001; Footitt et al.,
2002; Hayashi et al.,2002).
Besides mobilization of storage oil during early seedling
growth, CTS provides peroxisomal β-oxidation with fatty acids
that are hydrolyzed from membrane lipids during lipid turnover
(Bakeretal.,2006).Thisprocesshasnotonlyhouse-keepingfunc-
tion; it plays a crucial role under conditions, when carbon and
energy status are low (Kunz et al., 2009; Slocombe et al., 2009).
For instance, under extended darkness conditions, β-oxidation
respires fatty acids as an energy source. In case of the cts mutant,
free fatty acids,most likely derived from plastidial lipids,dramati-
callyaccumulate,whichcausesarapidlethalphenotypecompared
to wildtype (Kunz et al.,2009; Slocombe et al.,2009).
T h er o o tg r o w t ho ft h ects mutants is resistant against
the protoauxin indole-3-butyric acid (IBA) or the proherbicide
2,4-dichlorophenoxybutyric acid (2,4-DB; Zolman et al., 2001;
Hayashi et al., 2002). Due to the loss of CTS both compounds
cannot be taken up into peroxisomes, where they are converted
into the active auxin indole-3-acetic acid (IAA) and the herbi-
cide 2,4-dichlorophenoxyacetic acid (2,4-D), respectively, which
both severely inhibit primary root elongation and cotyledon cell
expansion (Zolman et al.,2001; Hayashi et al.,2002; Strader et al.,
2010). Since several other pathways contribute to auxin biosyn-
thesis, β-oxidation-dependent conversion of IBA to IAA is not
essential for other auxin-dependent cellular responses. Notably,
in the cts mutant the elongation of stamen ﬁlaments is inhibited,
which could be restored by auxin application. This observation
indicates an involvement of peroxisomal β-oxidation to supply
auxin (Footitt et al.,2007).
COMATOSE also plays a role in jasmonic acid (JA) biosyn-
thesis, demonstrated by the fact that the levels of both basal and
wound-inducible JA are reduced in the cts mutants (Theodoulou
et al.,2005). It is assumed that CTS imports 12-oxo-phytodienoic
acid (OPDA), an intermediate of the JA biosynthesis, into the
peroxisomes, where it is further converted by three rounds of β-
oxidation to JA (Theodoulou et al.,2005). Because the cts mutant
still contains residual JA levels, it suggests an alternative route for
the peroxisomal OPDA uptake (Theodoulou et al., 2005). Pos-
sible transport mechanisms could be either the existence of an
unidentiﬁed transporter or a passive transport by anion trapping
(Theodoulou et al.,2005).
Unlike other mutants involved in JA biosynthesis, cts plants
are not male-sterile, implying that they have sufﬁcient residual JA
to produce fertile pollen (Theodoulou et al., 2005). However, the
reducedfertility,observedforcts mutants,iscausedbyaninability
to mobilize reserve lipids in both pollen and female gametophytic
tissues (Footitt et al., 2007). Therefore, during fertilization, CTS
is required to import fatty acids released from stored oil into per-
oxisomes,where they are broken down via β-oxidation to support
energy for pollen germination and tube growth (Footitt et al.,
2007).
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Mutations in the CTS locus results in seeds that fail to ger-
minate, even in the presence of sucrose, which led to the name
COMATOSE(Russelletal.,2000;Footittetal.,2002;Pinﬁeld-Wells
et al., 2005). Only when the seed coat was nicked could cts seeds
germinate. cts embryos have the potential to germinate, but they
are unable to rupture the seed coat (Kanai et al.,2010). Transcrip-
tome analysis of the cts seeds revealed the molecular mechanism
for this phenomenon. The transcription factor ABSCISIC ACID-
INSENSITIVE 5 (ABI5) is up-regulated in the mutant and as a
consequence,cts seeds contain high transcript levels of polygalac-
turonase inhibiting proteins (Kanai et al., 2010). These proteins
inhibitthedegradationof pectinintheseedcoat,andthusprevent
seed coat rupture during germination (Kanai et al.,2010).
Since other β-oxidation mutants also showed a seed dormant
phenotype, CTS might import a molecule into the peroxisomes,
which is processed via β-oxidation to generate an as-yet uniden-
tiﬁed signal molecule for ABI5 gene repression (Kanai et al.,
2010). Recently, it has been reported that the cts seeds contain
elevated levels of 12-oxo-phytodienoic acid (OPDA; Dave et al.,
2011). Given the fact that CTS imports OPDA into peroxisomes
(Theodoulou et al.,2005),OPDA might be the regulator that trig-
gers, along with ABA, ABI5 protein abundance in cts seeds (Dave
et al.,2011).
TRANSPORT FUNCTION OF THE PEROXISOMAL ABC TRANSPORTER
Based on the phenotypic mutant analysis, CTS imports various
β-oxidation substrates into peroxisomes; but it is still a matter for
debate whether the accepted substrates are free fatty acids or acti-
vated acyl-CoA esters (Theodoulou et al.,2006,2011). Supportive
evidence for the uptake of free acids via CTS is the presence of
several acyl-activating enzymes (AAEs) in peroxisomes from Ara-
bidopsis (Fulda et al., 2004; Koo et al., 2006; Wiszniewski et al.,
2009). These proteins differ in their substrate speciﬁcity and cat-
alyze the esteriﬁcation of fatty acids or other related molecules,
such as the JA precursor or IBA, with coenzyme A (CoA). Such
an ATP-dependent activation is essential prior to entering β-
oxidation (Fulda et al., 2004; Koo et al., 2006; Wiszniewski et al.,
2009).Accordingly,amutationintheseactivatingenzymesinhibits
peroxisomal β-oxidation, resulting in arrested seedling growth,
reducedjasmonicacidslevels,orIBAresistance(Fuldaetal.,2004;
Koo et al., 2006; Wiszniewski et al., 2009). Since the cts mutant
displays the same defects, this implies that CTS and activation
reaction operate in the same – rather than parallel – pathways.
Thus, CTS delivers the unesteriﬁed fatty acids to the peroxisomal
matrix, where they are subsequently activated.
Alternatively, it cannot be excluded that CTS imports the acti-
vatedCoAesters,asitisknownfortheyeasthomolog.Inyeast,the
peroxisomalABC transporter,which consists of two heterodimers
named PXA1 and PXA2, is involved in the transport of long-
chain acyl-CoA esters (Hettema et al., 1996). Expression of CTS
in the pxa1Δ pxa2Δ double mutant rescued the growth pheno-
type on oleic acid (Nyathi et al., 2010). This complementation
assayindicatesthatCTSisabletotransportacyl-CoAestersacross
the peroxisomal membrane,which is required to metabolize oleic
acids as the sole carbon source via β-oxidation. Another implica-
tionforactivatedfattyacidsaspotentialsubstratesisthatacyl-CoA
esters, but not fatty acids, stimulate the basal ATPase activity of
CTS (Nyathi et al., 2010). In case CTS transports acyl-CoA esters,
theβ-oxidationsubstrateshavetobeactivatedinthecytosol.How-
ever,thecorrespondingcytosolicenzymeshavenotbeenidentiﬁed
so far.
A third model combines the opposite assumptions: CTS
imports CoA esters into peroxisomes, the CoA moiety is cleaved
offeitherbyCTSorbyperoxisomalthioesterasesinsidetheperoxi-
sometodrivetheimport,andtheperoxisomalacyl-CoAactivating
enzymes re-esterify the β-oxidation substrates (Fulda et al.,2004).
Atthispointthekeyexperimentwillbetheinvitro transportstud-
ies using reconstituted CTS protein to determine the biochemical
identity of its substrates. In summary, CTS is the entry point for
the substrates of the peroxisomal β-oxidation, which is a crucial
pathway for plant growth and development.
THE PEROXISOMAL MC-TYPE CARRIER
TransportproteinsthatbelongtothelargeMCfamily(TC2.A.29)
reside in the peroxisomal membrane (Picault et al., 2004; Hafer-
kamp, 2007; Palmieri et al., 2011). This family is named after its
prominent member the mitochondrial ATP/ADP carrier (AAC),
which is highly abundant in the inner mitochondrial membrane.
AAC was one of the ﬁrst transporter identiﬁed at molecular levels
and up to now the best biochemically characterized transporter.
Members of this family are present in all eukaryotes. The MC
membershavecommonstructuralfeatures.Theyarosebytandem
intragenictriplication.Eachreplicatecontainstwoa-helicalTMDs
andacharacteristicsignaturemotif (PFAMPF00153;Picaultetal.,
2004; Haferkamp, 2007; Palmieri et al., 2011). Recently, the three
dimensional structure of AAC has been solved, suggesting that
MCs are functional as a monomer (Kunji and Crichton, 2010).
Despite their related structure, MCF members cover a wide range
of transportedsubstrates,exhibitdifferenttransportmechanisms,
and are distributed to various subcellular membranes.
The Arabidopsis genome encodes for 58 MCs, while three
members are localized into peroxisomes (Picault et al., 2004;
Haferkamp, 2007; Palmieri et al., 2011). These peroxisomal MC-
type transporters are involved in the import of cofactors, such
as ATP and NAD (Arai et al., 2008; Linka et al., 2008; Bernhardt
et al., 2012). These striking ﬁndings for speciﬁc ATP and NAD
uptake systems refute early biochemical data that the peroxisomal
membrane is impermeable for these cofactors (Antonenkov et al.,
2004). These transport proteins allow plant peroxisomes to share
a common pool of cofactors with the cytosol.
THE PEROXISOMAL ATP TRANSPORTERS
Theperoxisomaladeninenucleotidecarrier(PNC)transportsATP
into the matrix of plant peroxisomes to fuel ATP-dependent reac-
tions. Arabidopsis peroxisomes contain two PNC proteins, PNC1
(At3g05290) and PNC2 (At5g27520; Arai et al., 2008; Linka et al.,
2008). A candidate gene approach identiﬁed the two related Ara-
bidopsis PNCproteinsbasedonsequencesimilaritytothesoybean
andyeasthomolog,whichbothareprominentmembraneproteins
in peroxisomes from Glycine max and Saccharomyces cerevisiae
(Arai et al.,2008; Linka et al.,2008).
Functional complementation studies veriﬁed the ATP trans-
portfunctionof thePNCproteinsusingayeastmutantlackingthe
endogenousperoxisomalATPcarrierAnt1p(Palmierietal.,2001).
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Thisyeastmutantisunabletousemedium-chainfattyacidsassole
carbon source.Yeast metabolizes medium-chain fatty acids exclu-
sively via peroxisomal β-oxidation.A prerequisite is the import of
medium-chain fatty acids and their activation in the peroxisomal
matrix. Thus, a lack of the Ant1p inhibits fatty acid breakdown
(Palmieri et al., 2001) and expression of PNC1 or PNC2 rescued
the growth phenotype of the yeast mutant, demonstrating that
both are able to supply yeast peroxisomes with ATP (Linka et al.,
2008).
Further, in vitro ATP uptake experiments using recombinant
proteins provide a direct proof that PNCs indeed facilitate ATP
import (Arai et al., 2008; Linka et al., 2008). Expression and
functional integration of PNC2 into the Escherichia coli mem-
branerevealedATPandADPuptakeactivitiesintointactbacterial
cells, while PNC1 could not be expressed (Arai et al., 2008).
Interestingly, the presence of AMP did not inhibit the uptake of
external ATP (Arai et al., 2008). On the other hand, reconstitu-
tion of the two Arabidopsis carriers expressed in yeast led to high
ATP uptake activities into liposomes, but only when lipid vesi-
cles were preloaded with another adenine nucleotide (Linka et al.,
2008). This clearly shows that PNC1 and PNC2 function as an
antiporter that catalyzes the strict counter-exchange of adenine
nucleotides (Linka et al., 2008). In contrast to the E. coli uptake
studies,the reconstitution systems strongly suggest that PNC pro-
teins accept all adenine nucleotides, including AMP (Linka et al.,
2008).
FUNCTION OF THE PEROXISOMAL ATP TRANSPORTER IN PLANTS
Plant peroxisomes need ATP to drive their energy consuming
reactions. For instance, the activation of β-oxidation substrates
depends on peroxisomal ATP,before they are introduced into this
cycle and in Arabidopsis, PNC1 and PNC2 supply peroxisomes
with cytosolicATP. The action of β-oxidation is severely impaired
when both PNC genes are repressed via RNA interference (RNAi;
Arai et al.,2008; Linka et al.,2008).
The RNAi lines were compromised in seedling establishment
in the absence of sucrose (Arai et al.,2008; Linka et al.,2008). The
seed oil-derived fatty acids cannot enter the β-oxidation pathway
and dramatically accumulate in the iPNC1/2 lines (Arai et al.,
2008; Linka et al., 2008). The apparent seedling phenotype is
consistent with that of the double knockout mutant for the two
acyl-activating enzymes LACS6 and LACS7 in Arabidopsis (Fulda
et al.,2004).
The PNC-mediatedATP import is also crucial for peroxisomal
enzymesthatactivateIBAand2,4-DB(Araietal.,2008;Linkaetal.,
2008). An impaired ATP uptake into peroxisomes results in par-
tialresistanceagainstthesecompounds,whichinhibitrootgrowth
when converted by a full functional β-oxidation (Arai et al.,2008;
Linka et al., 2008). Whether additional ATP-dependent activa-
tion steps for β-oxidation are affected in the PNC1/2i plants,such
as JA precursor, is currently under investigation (Linka, personal
communication).
In sum, the phenotypic analysis of the iPNC1/2 plants shows
that (i) there are no other ATP-generating systems in plant perox-
isomes, such as substrate-level phosphorylation, and that (ii) the
PNC-mediated transport pathway is the only source for intrap-
eroxisomal ATP. Interestingly, the sucrose-dependent phenotype
is only partially rescued by exogenous sucrose, indicating a fur-
ther function of the peroxisomal ATP pool beyond β-oxidation.
Latest peroxisomal proteomic approaches detected kinases and
other ATP-consuming enzymes, e.g., chaperones, in Arabidopsis,
but their functions remains to be determined (Reumann et al.,
2007, 2009). A future aim will be to elucidate whether PNC pro-
teins are required to supply these yet-to-be deﬁned steps with
external ATP.
TRANSPORT FUNCTION OF THE PEROXISOMAL ATP TRANSPORTER
Consistent with the substrate speciﬁcities obtained by in vitro
uptake studies and their in planta role for β-oxidation, PNC
proteins most likely facilitate exchange of cytosolic ATP for per-
oxisomal AMP under physiological conditions: PNCs import
ATP into peroxisomes, which is then hydrolyzed to AMP by
the acyl-CoA synthetases. In turn, PNCs export the result-
ing AMP back to the cytosol, where it is recycled to ATP
(Linka et al., 2008). Although PNC catalyze the ATP/AMP
exchange in vivo, the following important physiological ques-
tions regarding the transport mechanism are not yet clari-
ﬁed.
(i) How is the nucleotide pool in plant peroxisomes loaded in the
ﬁrst place? In yeast, the peroxisomal ATP transporter Ant1p
catalyzes in vitro a unidirectional net import of ATP, in addi-
tion to the antiport. Such a uniport mechanism allows a net
inﬂux of ATP into yeast peroxisomes early in their genesis
(Lasorsaetal.,2004).BothArabidopsis ATPtransporters,how-
ever, facilitate under the experimental conditions only the
exchange of adenine nucleotides (Linka et al., 2008). So it
is tempting to speculate that an unidentiﬁed uniporter for
adenine nucleotides resides in the membrane of plant per-
oxisomes. Alternatively, PNCs are able in vivo to mediate
unidirectionaltransportsincetheyrescuedthelossof theyeast
carrier without any obvious remaining phenotype.
(ii) Is the transport of ATP and AMP mediated by PNCs electro-
genic or electroneutral?An exchange of ATP4− versusAMP2−
would result in a net transfer of two negative charges. In case
of the AAC, the electrogenic nature of ADP/ATP transport
is crucial for its physiological role. The membrane potential
of the inner mitochondrial membrane generated by the res-
piration chain favors the export of ATP synthesized in the
mitochondrial matrix and the entry of cytosolic ADP (Traba
et al., 2010). For peroxisomes, there are no reports describ-
ing that an ATPase or electron transport chain energized the
membranes. The uptake of ATP into peroxisomes might be
driven by a concentration gradient. Especially during post-
germinative growth, the LACS proteins directly consume ATP
and produce AMP in the peroxisomal matrix and favor AMP
export to the cytosol (Stitt et al., 1982). Under these condi-
tions, the ATP import catalyzed by PNCs is favored. This is
also supported by the kinetic properties of the PNC proteins.
The apparent inhibition constant (Ki) of AMP is three times
higher than forATP,indicating thatAMP inhibitsATP import
onlyathighconcentrationsofAMPinthecytosol(Linkaetal.,
2008).
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If the PNCs catalyze an electroneutral transport, counter-ions are
required to compensate the charge difference of the ATP/AMP
exchange (Figure 2). PNCs might perform a proton-coupled
transport, like it was demonstrated for the yeast carrier ANT1p
(Lasorsa et al., 2004). Consequently, PNCs transfer protons into
peroxisomes and as a result generate a pH gradient across the per-
oxisomal membrane. To validate this scenario, the pH of plant
peroxisomes has to be determined. For human ﬁbroblasts, Chi-
nese hamster ovary cells, and yeast reports about the peroxisomal
pH are controversial describing a basic, acidic or neutral lumen
for peroxisomes (Dansen et al., 2000; Jankowski et al., 2001;
Lasorsa et al., 2004; van Roermund et al., 2004). Notably, cal-
culated isoelectric points of the peroxisomal proteins found by
proteomicapproachessuggestthattheperoxisomallumenisbasic
(Reumann et al., 2004). To avoid acidiﬁcation due to the proton-
compensated ATP/AMP exchange, maintenance of the peroxiso-
mal pH is mandatory to ensure a constant internal environment
for optimal enzyme activities. Despite the extensive studies of the
peroxisomalproteome,thereisnoevidenceforaproton-pumping
ATPase at the peroxisomal membrane in any eukaryotic organ-
isms.Alternatively,the“Donnan equilibrium”might maintain the
alkaline pH in peroxisomes. The positively net charge of proteins
inside peroxisomes drives the free penetration of hydroxyl ions
acrosstheperoxisomalmembrane.AsaresultthepHinsideperox-
isomesiskeptmorebasicthanoutside(AntonenkovandHiltunen,
2006; Rokka et al.,2009).
Conversely,an export of pyrophosphate (PPi) from the peroxi-
somal matrix could balance the electrogenic ATP/AMP exchange.
Beside the electroneutrality, this co-transport also prevents the
accumulationofPPi insideperoxisomes,whichisproducedduring
FIGURE 2 | Electroneutral transport mechanisms for the peroxisomal
ATP carrier. Based on the literature concerning similar transport
mechanisms, two modes of transport actions for ATP can be hypothesized.
(A) Electroneutral ATP/AMP counter-exchange is accomplished by
co-transport of protons.The import of 2H
+ must be compensated by the
Donnan equilibrium. (B) Electroneutral ATP/AMP counter-exchange is
maintained by a three substrate-model. AMP and PPi are exchanged for
ATP and no proton net import is needed. Both models are under
investigation (N. Linka, personal communication).
the intraperoxisomal ATP-dependent activation of β-oxidation
substrates (Fulda et al., 2004). The plastidial ATP transporter, for
example,mediatessuchaphosphate-coupledtransport.Itimports
ATP from the cytosol into plastids in exchange with stromal ADP
and inorganic phosphate (Pi) and hence maintains the cellular
phosphatehomeostasis(Trentmannetal.,2008).ForthePNCs,Pi
asathirdefﬂuxsubstratecanbeexcluded,becausenoneoftheAra-
bidopsis encoded pyrophosphatases are targeted to peroxisomes,
whichcoulddecomposePPiintotwoPimolecules.Thustheexport
of PPi from the peroxisomal matrix is essential. The reconstitu-
tion of peroxisomal membranes from mammals revealed phos-
phate/pyrophosphate transport activities (Visser et al.,2005). The
existence of a phosphate carrier would reject the hypothesis that
PNCs catalyze an ATP/AMP+PPi antiport. However, the corre-
sponding gene for this postulated transport process has not yet
been assigned (Visser et al., 2005).
Concisely stated, additional transport studies are required
to understand in more detail how the PNC proteins trans-
port ATP across the peroxisomal membrane, e.g., inﬂuence of
protonophores on ATP/AMP exchange or stimulation of internal
PPi on ATP uptake against AMP.
THE PEROXISOMAL NAD CARRIER IN ARABIDOPSIS
The transport of NAD into plant peroxisomes is mediated via
the peroxisomal NAD carrier PXN (At2g39970; Bernhardt et al.,
2012). The existence of a transport protein that imports cytoso-
lic NAD into peroxisomes has been controversially discussed for
decades (Rottensteiner and Theodoulou, 2006). The biosynthe-
sis of NAD in the cytosol necessitates the import of NAD into
peroxisomes for numerous reduction/oxidation (redox) reactions
(Noctor et al.,2006; Hashida et al.,2009).
Proteomic studies detected an abundant membrane protein
with an apparent mass of 38kDa in the puriﬁed peroxisomal
membrane fraction of etiolated pumpkin cotyledons by Edman
degradation (Fukao et al., 2001). The peptide sequence obtained
showed a high sequence similarity to the PXN. Since its discov-
ery 10years ago, it has been assumed that PXN represents the
peroxisomal ATP transport due to its close relationship to the
mitochondrial AAC (Fukao et al., 2001). This hypothesis was
recently disproved, considering that PXN was unable to comple-
ment the growth phenotype of the ant1Δ yeast mutant that is
impaired in the peroxisomal ATP uptake (Linka et al.,2008). Fur-
ther phylogenetic analysis exhibited that At2g39970 clusters with
recently identiﬁed NAD carrier from plastids and mitochondria
(Palmieri et al., 2009), proposing a NAD transport function for
PXN (Bernhardt et al.,2012).
The in vitro synthesized PXN protein demonstrated the uptake
of NAD into liposomes, which were preloaded with NAD (Bern-
hardt et al., 2012). No signiﬁcant NAD uptake activities were
detectable in the absence of a counter-exchange substrate. This
compelling result points out that PXN transports NAD in an
antiport mechanism, like the plastidial and mitochondrial NAD
transporters (Bernhardt et al., 2012). Further analysis identi-
ﬁed NADH, AMP, and ADP as suitable efﬂux substrates for the
NAD import (Bernhardt et al., 2012). The highest NAD uptake
rates against AMP indicated that PXN preferentially mediates the
NAD/AMP antiport, like the other previously characterized NAD
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carriers from Arabidopsis and yeast (Todisco et al., 2006; Palmieri
et al., 2009). However, PXN is unique in terms of its capability
to transport in vitro NAD in its reduced form (Bernhardt et al.,
2012).
Basedontheinvitro transportdata,PXNimportsNADagainst
AMP.ButhowdoesPXNachieveanetinﬂuxof NADtofuelNAD-
dependentreactions?Tobalancethelossof peroxisomalAMP,two
scenarios can be proposed for a net NAD inﬂux (Bernhardt et al.,
2012). An unknown peroxisomal carrier might be involved in the
unidirectional re-import of cytosolic AMP into peroxisomes. The
presence of an adenylate uniporter could reﬁll the peroxisomal
adenine nucleotide pool (Figure 3A). In Arabidopsis a peroxiso-
mal Nudix hydrolase with a typical peroxisomal targeting signal
might provide the efﬂux substrates for PXN (Reumann et al.,
2004). This enzyme favors in vitro the hydrolysis of NADH to
AMP and NMNH (Ge et al., 2007; Ge and Xia, 2008). The net
import of one NAD molecule occurs, when PXN imports two
NAD molecules against oneAMP molecule and one NMNH mol-
ecule. Both efﬂux substrates derived form the hydrolysis of one
NADH molecule (Figure3B). In the cytosol they can be fed in the
salvage pathway to regenerate NAD (Noctor et al., 2006; Hashida
et al.,2009).
FUNCTION OF THE PEROXISOMAL NAD CARRIER IN PLANTS
Redox reactions play fundamental roles in plant peroxisomes
(Cousins et al., 2008; Pracharoenwattana and Smith, 2008). For
instances, the multifunctional protein strictly requires NAD as
a cofactor for the oxidative degradation of fatty acids (Gra-
ham,2008;Quettier and Eastmond,2009). The peroxisomal NAD
carriermightbeinvolvedintheuptakeofNADtofuelβ-oxidation.
AlinkbetweenthefunctionofPXNandfattyacidbreakdownis
indicatedbythepubliclyavailablemicroarraydatabaseArabidopsis
eFP Browser (Winter et al., 2007). PXN is ubiquitously expressed
in all tissues, but dry mature seeds store high amounts of PXN
mRNA, indicating a possibly involvement in early developmental
stages upon germination (Nakabayashi et al., 2005). The steady
state transcript level of PXN is also up-regulated in senescent
leaves and thus might be required for the process of senescence
(van der Graaff et al., 2006).
Consistent with the gene expression on the transcript level
are the results of the immunoblot analysis using the related
pumpkin protein of PXN (PMP38). Like the enzymes of the β-
oxidation,PMP38ishighlyabundantinyoungetiolatedpumpkin
seedlings (Fukao et al., 2001). Once the transition to photoau-
totrophicmetabolismoccurred,theproteinamountwasmarkedly
decreased. In addition, an accumulation of PMP38 protein was
observed during in vivo senescence when green pumpkin cotyle-
dons were kept in extended darkness (Fukao et al., 2001). For
both processes, NAD-dependent β-oxidation plays a pivotal role
in mobilization of storage or membrane lipids (Baker et al., 2006;
Graham, 2008).
Surprisingly,Arabidopsis loss-of-function mutants did not dis-
play an apparent sucrose-dependent phenotype, indicating that
the storage oil mobilization was not completely blocked during
seedling establishment (Bernhardt et al., 2012). A detailed analy-
sis, revealed that the fatty acid breakdown was delayed, because
fatty acids accumulated and oil bodies were still present in the pxn
seedlings (Bernhardt et al., 2012). Nevertheless, the pxn mutants
were able to metabolize a sufﬁcient portion of the seed storage oil
that enabled normal seedling growth. Taken together, PXN deliv-
ers the peroxisomal β-oxidation with NAD to ensure its optimal
operationduringstorageoilmobilization(Bernhardtetal.,2012).
The intermediate seedling phenotype suggests, for instances,
the existence of a second NAD import system in the perox-
isomal membrane that builds up the peroxisomal NAD pool
together with PXN. Alternatively, plant peroxisomes already con-
tain a “catalytic” amount of NAD for their metabolism, when
they derive from the ER (Hoepfner et al., 2005). Since peroxi-
somes are highly dynamic organelles and they multiply via ﬁs-
sion according to their metabolic demand (Kaur and Hu, 2009),
each division would dilute the intraperoxisomal NAD content.
Hence, PXN might replenish a certain NAD level in peroxisomes
instead of setting it up. Thirdly, NAD is taken up together with
itsNAD-dependentenzymesfromthecytosolviatheperoxisomal
protein importomer. This large pore allows the passage of fully
folded and assembled proteins across the membrane (Meinecke
et al., 2010). In yeast, it has been shown that the FAD-dependent
acyl-CoA oxidase binds its cofactor in the cytosol, where it is
FIGURE 3 |Transport modes for a net NAD inﬂux via the peroxisomal
NAD carrier.The proposed net import of NAD by the transport protein PXN is
strictly accompanied by an export of AMP . (A) NAD import is hypothesized to
be supported by an AMP uniporter to provide a peroxisomal AMP
counter-substrate pool in the ﬁrst place. (B) Alternatively, an in silico predicted
peroxisomal Nudix hydrolase is postulated to degrade NADH to AMP and
reduced nicotinamide mononucleotide (NMNH). Both function as a
counter-substrate and deliver a net import of NAD. A NMNH/NAD carrier has
not been described and NMNH has not been tested for PXN (N. Linka,
personal communication).
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synthesized, and is then targeted to the peroxisomes (Titorenko
et al.,2002).
In contrast to its proposed function as a net NAD importer,
PXN might catalyze in vivo the import of NAD in exchange
with NADH. This unique transport feature of PXN would lead
in vivo to the transfer reducing equivalents across the peroxisomal
membrane (Bernhardt et al., 2012). It is widely accepted that the
peroxisomal malate/oxaloacetate shuttle is the exclusive route for
the exchange of the oxidized and reduced forms of NAD with the
cytosol (Mettler and Beevers, 1980). In the course of β-oxidation
NAD is reduced to NADH, which is re-oxidized by the peroxiso-
mal malate dehydrogenase (PMDH) via the reversible reduction
of oxaloacetate to malate (Pracharoenwattana et al., 2007, 2010).
This enzyme is part of this redox shuttle together with the so
far unidentiﬁed transporters exchanging these two dicarbonic
acids. Since PXN and the peroxisomal redox shuttle are redun-
dant in their function, it would explain the partial inhibition of
β-oxidation in the pxn mutants as well as in plants deﬁcient in
PMDHactivities(Pracharoenwattanaetal.,2007,2010;Bernhardt
et al.,2012).
Future analyses are required to elucidate the in vivo role of the
peroxisomal NAD carrier in plants. For example, further investi-
gations will address whether other peroxisomal NAD-dependent
processes, such as photorespiration, depend on PXN. The pxn
plants that were grown under photorespiratory conditions did
not exhibit an obvious phenotype (Linka, personal communi-
cation); however, a detailed metabolic analysis remains to be
done.
DISTRIBUTION OF THE PEROXISOMAL TRANSPORTER
PROTEINS WITHIN THE PLANT KINGDOM
To date, members of the ABC transporter and MC fami-
lies represent carrier proteins of the peroxisome membrane in
plants. Their function and peroxisomal localization have so far
been investigated only in Arabidopsis. We conducted a compre-
hensive BLASTP analysis (Altschul et al., 1997) using protein
FIGURE 4 | Distribution of the peroxisomal transporter involved in
the uptake of fatty acids,ATP , and NAD in green plants. Homologs
genes for CTS (At4g39850), PNC1 (At3g05290), PNC2 (At5g27520),
and PXN (At2g39970) were identiﬁed in 22 fully sequenced plant
genomes from PLAZA 2.0 (http://bioinformatics.psb.ugent.be/plaza)
using BLASTP (Altschul et al., 1997). For rice only Oryza sativa ssp.
japonica was taken into account.The reciprocal hit was chosen if it
was in both directions among the three best hits in the other genome.
As a cut-off value we used a normalized sequence identity greater than
25%.
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database of 22 fully sequenced plant genomes from PLAZA 2.0
(http://bioinformatics.psb.ugent.be/plaza), including 5 algae, 1
moss, and 17 land plants. To identify homologs for CTS, PNCs,
andPXN,thereciprocalbesthitwaschosenif itwasinbothdirec-
tions among the three best hits in the other genome (Figure 4).
This ﬁnding indicates that the evolution of these peroxisomal
transporters was an early event before plants evolved. The four
plant-speciﬁc peroxisomal transporters were already present in
the eukaryotic host cells before the cyanobacterial endosymbiont
was engulfed. This is consistent with the fact that peroxisomes
are eukaryotic organelles and present in animals, plants, and
fungi. The peroxisomal transport proteins from plants most likely
derived from already existing host membrane proteins and are
conserved in green plants.
It is not surprisingly that members of theABC transporter and
MC families reside in the peroxisomal membrane. Both families
have extensively expanded during evolution. The members are
highly abundant in various eukaryotes, display a broad substrate
spectrum,and are widely distributed in all types of cellular mem-
branes,such as mitochondria,plastids,peroxisomes. The diversity
withinaspeciesisdrivenbyduplicationof genesthatallowforthe
acquisitionof newfunctions.Thiscontributestoplantcomplexity
anddiversiﬁcation,allowingtheplantperoxisomestoadaptduring
land plant evolution.
Among most of the analyzed land plants, the putative CTS
genes encode for a full size ABC protein. This gene struc-
ture appears to be conserved in land plants with a few excep-
tions. In algae the candidates for the peroxisomal ABC trans-
porter represent a half-size transporter, like the human and yeast
homologs (Table 1). The presence of CTS-related proteins in
algae is contradictory to earlier reports, stating that no peroxi-
somal ABC transporter genes were found in the algal genomes
(Schulze and Kolukisaoglu, 2006).
Regarding the peroxisomal MC-type proteins, at least two dif-
ferent candidates have been identiﬁed within the green plants that
mightbeputativeATPorNADtransporters(Table 2).Oneexcep-
tion is the single-cell chlorophyte Chlamydomonas, the genome
of which encodes only for one peroxisomal MCF-type gene that
is related to PXN. In contrast, two paralogs for the peroxiso-
mal ATP carrier are found in Arabidopsis, the apple, and the
moss Physcomitrella. In case of Arabidopsis, PNC1 and PNC2
are derived from the recent chromosome re-arrangement in the
genome (Palmieri et al.,2011).
The conducted candidate gene approach was based on pro-
tein sequence similarity. None of the predicted candidates have
been experimentally investigated up to now. Future efforts are
requiredtoconﬁrmthepredictedfunctionoftheMC-orABCpro-
teins from algae, moss, and land plants, including measurements
Table 1 | Plant homologs of the peroxisomalABC transporter fromArabidopsis.
Organism CTS (PLAZA gene ID) Identity (%) Length (AA) Molecular weight (kDa) Sub-group
L. japonicus No hit – – – –
M. trunculata MT3G36770 77 1335 150.15 FS
G. max GM11G38160 77 1287 144.79 FS
M. domestica MD07G005530 76 1952 220.18 FS
M. esculenta ME05923G00060 76 796 89.49 HS
R. communis RC30186G00190 75 1339 151.05 FS
P . trichocarpa PT05G07590 78 987 110.4 HS
A. thaliana AT4G39850 100 1337 149.6 FS
A. lyrata AL7G02070 98 1337 149.55 FS
C. papaya CP00213G00160 81 465 51.76 HS
V. vinifera VV19G09290 26 697 78.83 HS
O. sativa OS01G73530 72 1326 147 .95 FS
B. distachyon BD2G61780 74 1251 140.38 FS
S. bicolor SB03G047010 72 1324 148.03 FS
Z. mays ZM08G17060 72 1326 148.26 FS
S. moellendorfﬁi SM00029G00480 62 1306 145.81 FS
P . patens PP00150G00750 65 1271 141.49 FS
O. lucimarinus OL02G00720 32 583 64.69 HS
O. tauri OT02G06480 26 722 79.43 HS
Micromonas. sp. RCC299 No hit – – – –
V. carteri No hit – – – –
C. reinhardtii CR15G00650 26 753 81.34 HS
The table summarizes the information of the genes used for the distribution analysis of the CTS gene (Figure 4). The following information is listed: PLAZA gene
identity (ID) number of the reciprocal hit in the individual genome, relative identity of the genes to the Arabidopsis homolog, molecular weight, amino acid (AA) length,
and molecular structure half or full size (HS or FS).The pairwise normalized identities were calculated by dividing the number of identical positions by the length of
the shorter protein. As a cut-off value we used a normalized sequence identity greater than 25%. In case for A. thaliana the best match was the query sequence
itself and has been highlighted in bold.
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Table 2 | Plant homologs of the peroxisomal MC-type transporter fromArabidopsis.
Organism PNC1 (PLAZA gene ID) Identity (%) PNC2 (PLAZA gene ID) Identity (%) PXN (PLAZA gene ID) Identity (%)
L. japonicus LJ5G027490 63 LJ5G027490 63 LJ0G084980 55
M. trunculata MT5G33690 70 MT5G33690 64 MT5G64320 66
G. max GM02G11800 72 GM02G11800 67 GM18G03400 66
M. domestica MD00G459280 71 MD00G150490 72 MD01G023270 51
M. esculenta ME03905G00190 72 ME03905G00190 71 ME04268G00320 70
R. communis RC30128G01600 76 RC30128G01600 71 RC29669G00050 69
P . trichocarpa PT13G02220 76 PT13G02220 70 PT10G18860 69
A. thaliana AT3G05290 100 AT5G27520 100 AT2G39970 100
A. lyrata AL3G05130 98 AL6G27740 99 AL4G26590 90
C. papaya CP00994G00020 69 CP00994G00020 68 CP00091G00750 60
V. vinifera VV05G04420 68 VV05G04420 64 VV13G03870 69
O. sativa OS05G32630 69 OS05G32630 67 OS03G15860 65
B. distachyon BD2G26480 68 BD2G26480 65 BD1G67180 63
S. bicolor SB09G019430 68 SB09G019430 68 SB01G040130 63
Z. mays ZM08G13190 67 ZM08G13190 66 ZM08G15920 47
S. moellendorfﬁi SM00005G05600 57 SM00005G05600 59 SM00006G03610 58
P . patens PP00086G00350 58 PP00022G01420 55 PP00090G00790 57
O. lucimarinus OL01G02450 39 OL01G02450 37 OL20G02530 39
O. tauri OT01G02440 35 OT01G02440 33 OT14G02730 37
Micromonas. sp. RCC299 MRCC299_16G02440 27 MRCC299_16G02440 26 MRCC299_13G00830 38
V. carteri VC00102G00130 27 VC00102G00130 26 VC00025G00570 42
C. reinhardtii No hit – No hit 0 CR07G08520 30
The table summarizes the information of the genes used for the distribution analysis of the MC-type transporters PNC1, PNC2, and PXN (Figure 4). Following
information is listed: PLAZA gene identity (ID) number of the reciprocal best hit in the individual genome, relative identity of the genes to the Arabidopsis homolog.
The pairwise normalized identities were calculated by dividing the number of identical positions by the length of the shorter protein. As a cut-off value we used a
normalized sequence identity greater than 25%. In case for A. thaliana the best matches were the query sequences itself and have been highlighted in bold.
of substrate speciﬁcity using the recombinant proteins and
veriﬁcation of the peroxisomal localization by GFP fusion.
CONCLUSION
Future efforts will discover additional peroxisomal transport
proteins. Recent proteome studies using puriﬁed peroxisomes
revealed only the identiﬁcation of highly abundant membrane
proteins that have been already known, such as CTS, PXN, PNC,
and a number of biogenesis proteins. This indicates that the
otherperoxisomaltransportersareunderrepresentedintheperox-
isomemembrane.Achallengewillbetoenrichsufﬁcientamounts
of peroxisomal membrane proteins for upcoming proteomic
approaches. Complementary strategies bear good prospects of
elucidating the peroxisomal permeome, including co-expression
analyses, mutant studies in combination with metabolic proﬁl-
ing, and genome-wide localization studies of putative transport
proteins tagged with GFP.
For decades, several researchers have searched for the postu-
lated transporter that transfers the intermediates of the glyoxylate
cycle and photorespiration in plants. This missing link is impor-
tant to understanding how the ﬂux through the photorespiration
is mediated. Recently, it has been hypothesized that the peroxiso-
malmembraneproteinwithamolecularmassof 22kDa(PMP22)
might be a candidate for peroxisomal porin in plants (Reumann,
2011).Toaddressthis,thechannelactivitieshavetobedetermined
using electrophysiological techniques in the near future.
Transporters connect the highly compartmentalized metabolic
network in plant cells, tissues, and organs and unite the sepa-
rate parts. A deeper knowledge of the organism-wide permeome
will have a major impact on our understanding and designing
of metabolic ﬂuxes. This is also true for the subset of trans-
porters in the peroxisomal membrane. Important pathways such
asβ-oxidation,glyoxylatecycle,photorespiration,branchedamino
acid breakdown, purine catabolism, biosynthesis of plant hor-
mones, and pathogen defense resides completely or in part in
peroxisomes. Fine-tuning the ﬂux via transporters is a promis-
ing approach for applied sciences. Peroxisomal research should
be intensiﬁed in order to show the biotechnological potential and
also to close the knowledge gap compared to other organelles.
There is still a lot to learn about peroxisomal transporters and
a comprehensive understanding of the transport mechanism
is required in model organisms prior the transfer into crop
plants.
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